Local cerebral blood flow (LCBF) has been measured by e4C]iodoantipyrine quantitative autoradiog raphy in H-Tx rats with inherited congenital hydroceph alus at 10, 21, and 30 days after birth. LCBF at 10 days was uniformly low in all ten brain regions studied and not significantly different between hydrocephalic and age matched control rats. By 21 days LCBF had increased significantly in control rats. LCBF was significantly
The H-Tx rat develops congenital hydrocephalus with the onset of lateral ventricular dilatation in late gestation, coincident with a developmental obstruc tion of the cerebral aqueduct (Jones and Bucknall, 1988) . Progressive ventricular dilatation occurs postnatally and the volume of the lateral ventricles, as measured from histological sections, is about 10fold larger than control rats at 1-2 days after birth, 40-fold larger at 10 days and 160-fold larger at 30 days when the hydrocephalus is advanced (Jones and Bucknall, 1988; Jones et aI. , 1991) . A recent magnetic resonance imaging study has confirmed the ventricle expansion in vivo (Harris et aI. , 1992) .
Thinning of the cortical mantle, which is accompa nied by disruption of the laminar structure, is present in the posterior cortex at 10 days and ex tends to the anterior cortex by 30 days, when there is also a reduction in cortical cell density .
Cerebral metabolism has been found to be re-lower «69%) in the hydrocephalics in all cortical regions and in the inferior colliculus LCBF at both 21 and 30 days. The cerebellar cortex, pons, and caudate were not significantly affected. At 30 days LCBF ranged from 55 to 115 ml 100 g-l min -I for hydrocephalics and from 100 to 183 ml 100 g-I min-I for controls. Key Words: Local cerebral blood flow-Hydrocephalus-Rat.
duced by up to 30% at 30 days, but at 10 and 21 days the reductions were much less and mostly not sig nificant (Miyaoka et aI. , 1988; Richards et aI., 1989) . Functional changes become obvious in H-Tx rats after 21 days, such that they develop motor symptoms and sensory evoked potentials in the cor tex are delayed or absent (Bucknall and Jones, 1990 ).
There is evidence that there are changes in the brain vasculature in hydrocephalus (Wozniac et aI., 1975; Oka et aI. , 1985; Okuyama et al. , 1987) but in the H -Tx rat no reduction in cortical capillary den sity was found until the advanced stage at 30 days (Jones et aI. , 1991) . Nevertheless, capillary density may not be related to blood flow and it is widely thought that cerebral blood flow is reduced in hy drocephalus. We have now measured local cerebral blood flow (LCBF) using e 4 C]iodoantipyrine auto radiography at different stages of hydrocephalus in H-Tx rats to determine how blood flow is related to the functional and structural changes already docu mented.
MATERIALS AND METHODS

Animals and operative procedures
Hydrocephalic and control H-Tx rats at 10,21 , and 30 days (n = 4-8 for each group) were anesthetized with halothane (1 -2% in a 2:1 nitrous oxide/oxygen mixture), and a polyethylene catheter inserted into the femoral vein. The incision was closed and the rats allowed to recover for at least 2 h.
LCBF measurement
LCBF was measured by [14C]iodoantipyrine quantita tive autoradiography by methods described by Reivich et al. (1 969) and Sakurada et al. (1 978) . The method has been modified to overcome the need for continuous arte rial sampling in small animals by the simultaneous admin istration of [99mTc]pertechnate (Richards et al., 1987) . Both [14C]iodoantipyrine at 5 MBq/kg body weight (Am ersham International) and [99mTc]pertechnate (10 MBq) in 0.4 ml saline were infused over 1 min at an increasing rate. 'V-Emitting 99mTc (TlIz = 6 h) was monitored exter nally using a solid state cadmium telluride detector placed over the chest. At 1 min the rat was decapitated and duplicate arterial blood samples were collected from the severed carotid arteries on to preweighed filter paper discs. The discs were reweighed and eluted in scintillation fluid for at least 3 days to allow for decay of 99mTc before accurate counting for 14C. The arterial curve for [14C]iodoantipyrine was reconstructed from the final ar terial samples and the shape of the 99mTc chest curve.
Following decapitation, the brain was removed rapidly and frozen within 2 min in isopentane cooled to between -45 and -65°C in liquid Nz. Sections, 20 fLm thick, were cut on a cryostat at -20°C, and dried on a hot plate at 60°C. Coverslips were mounted on cards and, after at least 3 days were exposed to x-ray film in a cassette for 2 weeks together with ['4C]methylmethacrylate standards (micro scales, Amersham). Tissue 14C concentration was determined in ten brain regions with a microcomputer based densitometer (Richards et al., 1985 ) . Between five and 10 readings were made for each region and the mean LCBF calculated using the operational equation of Rei vich et al. (1 969).
Comparison for LCBF between control and hydro cephalic groups was by two-way analysis of variance with repeated measures. Where the F ratio for interaction was significant, Tukey's test was used to test for significance between groups in different brain regions. Differences in global CBF between ages were compared with one-way analysis of variance and Tukey's test.
RESULTS
In control rats cerebral blood flow was signifi cantly lower at 10 days after birth than at 21 or 30 days (p < 0.05; Fig. 1, filled bars) with mean values ranging from 24 to 35 ml 100 g-1 tissue min -1 at 10 days, from 96 to 212 ml 100 g-1 min-1 at 21 days and between 100 and 183 ml 100 g -1 min -1 at 30 days.
Hydrocephalic rats at 10 days after birth had a lower LCBF than controls in all regions studied, but the difference was not significant (Fig. 1) . Values ranged from 14 to 29 ml 100 g -I min -I with reduc tions ranging from 17 to 52% depending on brain region (Fig. 2) . Hydrocephalic rats also showed an increase in LCBF with age between 10 and 21 days, 1 and 2). The changes in the cerebellar cortex, pons, and caudate nucleus were not significant. The same re gions were also significantly lower than controls in 30-day rats (Fig. 1) , with values between 51 and 115 ml 100 g -I min -1 and similar percentage reductions in 21-day rats (Fig. 2) . 
DISCUSSION
Control rats
The values for LCBF obtained in this study for normal postnatal rats using the modified technique of Richards et a1. (1987) agree closely with those obtained by other groups using the more conven tional technique, particularly at 10 and 30-35 days (Sakurada et aI., 1978; Nehlig et aI., 1989) . The uni formly low flow at 10 days is consistent with a low rate of cerebral metabolism (N ehlig et al., 1988; Ri chards et aI., 1989) , and a low cortical vascularity at this age (Keep and Jones, 1990) . Values obtained in this study for 21 days and 30 days were similar and did not confirm Nehlig's findings (1989) of a tran sient low flow at 21 days after birth; we have no satisfactory explanation for the discrepancy. Over all the maturational changes observed in LCBF are consistent with a similar study in rabbit (Tuor, 1989) .
Hydrocephalic rats
These studies in the H-Tx rat have demonstrated global reductions in CBF at 21 and 30 days after birth, with significant decreases in all cortical re gions and in the inferior colliculus. The largest re ductions were found in the auditory and visual cor tex, the regions most affected by the hydrocephalus (Jones et aI., 1991) . It might be argued that the low values are an artifact due to diffusion of the iodoan tipyrine out of the cortex into the large pool of CSF, since it has been shown that diffusion artifacts can occur in the brains of small animals (Hatakeyama et aI., 1992) . However, in these experiments signifi cant reductions were also found in the frontal and sensorimotor cortex which are much less severely thinned (Jones et aI., 1991) and also in the inferior colliculi which are not adjacent to the ventricles.
Thus although diffusion could have contributed to the low flow in the posterior cortex, it seems un likely that this could be sufficiently large to account for all the changes observed here. Similarly, changes in brain specific gravity and partition coef ficient for iodoantipyrine with peri ventricular edema, are not quantitatively able to account for the reductions in gray matter CBP seen here .
There is considerable evidence that cerebral blood flow is reduced in both human and animal hydrocephalus. Patients with recent-onset hydro cephalus and signs of raised intracranial pressure had a lower CBF and showed more improvement with shunting than patients with chronic hydro cephalus (Brooks et aI., 1986) . It remains contro versial whether patients with normal pressure hy drocephalus have reduced CBF particularly in the periventricular white matter and whether that re lates to the clinical response to shunting (Greitz et aI., 1969; Meyer et aI., 1985; Vorstrup et aI., 1987; Meixensberger et aI., 1989) . Measurements of CBF in cats with kaolin hydrocephalus showed reduc tions of <20% in one study (Higashi et aI., 1986) and <50% in another study (Nakamura and Hoch wald, 1983) .
Two possible explanations for the reduction in Comparison of the temporal pattern of changes in cerebral blood flow with our previous study on deoxyglucose uptake (Richards et aI., 1989) indi cates that the cortical blood flow changes precede the reduction in metabolism and are of greater mag nitude. The extent to which reduced cerebral blood flow and metabolism lead to neuronal changes is the subject of continuing studies in H-Tx rats. It has been suggested that the threshold for infarction in rat brain is 30-40% of basal blood flow (Jacewicz et aI., 1992) , which is smaller than many of the reduc tions recorded here. We have also reported reduc tions in cortical cell density .
Certainly, changes in pyramidal cell dendritic struc ture were seen in a previous study on kaolin induced hydrocephalus in young rats (McAllister et aI., 1985) .
